The anomeric specificity of D-glucose metabolism in erythrocytes has been since 1985 the matter of extensive investigations reported in about ten publications. The present report aims at providing an integrated review of the major findings on this issue.
INTRODUCTION
The metabolism of D-glucose in intact cells displays anomeric specificity. This was first demonstrated in rat pancreatic islets [1] [2] [3] , and later observed in tumoral insulin-producing cells [3] , lymphocytic leukemic cells [4] , rat adipocytes [5] , rat brain cells [6] , rat hemidiaphragm [7] and rat hepatocytes [8] [9] [10] . The outstanding exception refers to the rat lens, in which the lack of anomeric specificity was proposed to be attributable to a low turnover rate of glucose-6-phosphate, allowing for the interconversion of glucose-6-phosphate anomers [11] . The relative extent and even algebraic sign of the difference between α-and ß-D-glucose metabolism differs, however, as a function of such factors as temperature, hexose concentration, concerned metabolic pathway and cell types. In such a perspective, the present review aims at drawing attention to the anomeric specificity of D-glucose phosphorylation, utilization and oxidation in both rat and human erythrocytes.
RAT ERYTHROCYTES
In a first series of experiments performed at 30˚C with D-glucose at anomeric equilibrium, the kinetics of D-[U- 14 C]glucose phosphorylation by rat erythrocyte homogenates yielded over a wide range of D-glucose concentrations (50 µM to 20 mM) a single straight line in a double reciprocal plot, with a Michaelis constant (Km) and maximal velocity (Vmax) close to 0.06 mM and 47 nmol/ 60 min per mg hemoglobin, respectively [12] . When D-glucose-6-phosphate (initial concentration: 1.0 mM) was added to the assay mixture, the phosphorylation of D-[U- 14 C] glucose was severely inhibited, the residual rate of phosphorylation representing no more than 5.3 ± 0.7% (n = 21) of the paired control value. Over 40 min incubation at 8˚C, the ß/α ratio for the phosphorylation of the Dglucose anomers, tested in the 10.0 µM to 1.0 mM range, averaged 1.61 ± 0.09 (n = 21), a mean value significantly higher (p < 0.001) than unity. The concentration of Dglucose anomers at which the reaction velocity represented 50% of the mean values reached at the highest Dglucose concentrations (0.25 and 1.0 mM) appeared somewhat lower in the case of α-D-glucose (about 33 µM) than in the case of ß-D-glucose (about 41 µM), suggesting a lower Km for the α-anomer as compared to ß-anomer [12] .
A more detailed study of the anomeric specificity of rat erythrocyte hexokinase then confirmed that the α/ß ratio in maximal velocity, as derived from measurements made at 8˚C in the presence of 1.0 mM D-glucose, is close to 0.66. Based on the effects of unlabelled α-or ß-D-glucose upon the phosphorylation of D-[U- 14 C] glucose at anomeric equilibrium, as measured at 8˚C, the α/ ß ratio for Km values was close to 0.485, indicating a greater affinity for the α-anomer than for the ß-anomer [13] .
The anomeric specificity of D-glucose metabolism in intact rat erythrocytes was first documented in 1985 [12] . Thus, at both 4.0 and 7.0 mM D-glucose, the output of lactic acid from erythrocytes incubated for 60 min at 8˚C was higher in the presence of α-D-glucose than ß-D-glucose. After correction for the basal value recorded in the absence of D-glucose (1.49 ± 0.16 nmol/mg hemoglobin; n = 56), the increment in lactic acid output attributable to ß-D-glucose (4.0 mM) averaged 39.3% ± 4.2% (n = 41) of the mean corresponding value found in the presence of α-D-glucose (100.0% ± 5.4%; n = 42). Such a difference was less marked at a higher concentration of D-glucose (7.0 mM), the ß-D-glucose-induced increment in lactic acid output averaging 73.7% ± 5.8% (n = 35) of the mean corresponding value measured in the presence of α-D-glucose (100.0% ± 10.4%; n = 36). The anomeric difference in lactic acid output was significant at both 4.0 mM (p < 0.001) and 7.0 mM (p < 0.05) D-glucose. In parallel experiments conducted in rat erythrocytes incubated for 60 min at 7˚C [4] , the conversion of D- H] glucose to 3 HOH was also found to be higher in the presence of α-D-glucose than ß-D-glucose, whether at 1.0, 4.0 or 7.0 mM, the results recorded with ß-D-glucose averaging at these three D-glucose concentrations respectively 85.9% ± 2.5% (n = 40), 85.3% ± 2.4% (n = 39) and 92.7% ± 4.6% (n = 35) of the mean corresponding values found with α-D-glucose, i.e. 100.0% ± 3.2% (n = 40), 100.0% ± 2.1% (n = 40) and 100.0% ± 2.7% (n = 40). The anomeric difference was thus more marked for lactic acid output than for D- H]glucose utilization.
In conclusion, results in mirror image were obtained for the phosphorylation of D-glucose by rat erythrocyte homogenates, on one hand, with a higher reaction velocity recorded with the ß-rather than α-anomer of D-glucose, and the metabolism of the D-glucose anomers in intact erythrocytes, on the other hand, with a higher D- H] glucose utilization and higher glucose-induced increments in lactic acid output with α-than ß-D-glucose. Taken as a whole, these studies conducted in cells not expressing glucokinase indicate that the anomeric specificity of glycolysis in intact cells does not necessarily depend on the anomeric preference of D-glucose phosphorylation in cell homogenates.
A further investigation on the metabolism of D-glucose anomers in rat erythrocytes aimed at a comparison between control animals and streptozotocin-induced diabetic rats [14] . Five days after the intravenous administration of streptozotocin (80 -90 mg/kg body weight), the diabetic rats were severely hyperglycemic (plasma glucose concentration: 23.3 ± 1.3 mM versus a control value of 7.3 ± 0.5 mM; n = 5 -6). The erythrocytes were incubated over 45 min at 8˚C in the presence of tracer amounts of D-[U- 14 H]glucose in the presence of ß-D-glucose was lower (p < 0.005), however, in diabetic animals (742 ± 77 fmol/min per µl blood; n = 33) than in control rats (980 ± 64 fmol/min per µl blood; n = 35). The 14 CO 2 / 3 HOH ratio was thus higher (p < 0.05) in diabetic animals (7.44 ± 1.36%; df = 52) than in control rats (47.1 ± 0.40%; df = 57). Whether in control rats or diabetic animals, both the output of 14 CO 2 and production of Table 1) . The relative extent of such anomeric differences was not significantly different (p > 0.2 or more) in control and diabetic rats. These experiments were conducted in the perspective of distinguishing between the accumulation of glycogen and nonenzymatic glycation of cytosolic proteins as a possible determinant of the so-called anomeric malaise observed in diabetic subjects, rats and rabbits [15] [16] [17] [18] [19] . The selection of erythrocytes for such a purpose was motivated by the two following considerations. First, in diabetes, virtually no glycogen accumulation in erythrocytes [20, 21] . Second, erythrocytes represent a well-known target for the non-enzymatic glycation of cytosolic proteins [22] , as also occurs in other cell types characterized by a closeto-equilibrium partition of D-glucose concentrations across the plasma membrane, e.g. in hepatocytes [23] and pancreatic islet B-cells [24] . The present findings afford several pieces of information. First, they confirm a prior observation recorded at 37˚C, instead of 8˚C, and indicating that the generation of 3 HOH from D-[5-3 H] glucose and, as a matter of fact, also from D- [2- 3 H]glucose is lower in erythrocytes from diabetic rats than in erythrocytes from control animals, averaging respectively over 60 min incubation in the diabetic and control rats 857. H]glucose (n = 6 in all cases) [25] . Second, the present findings indicate that, under the present experimental conditions, unlabelled α-D-glucose decreases more efficiently than unlabelled ß-D-glucose both the oxidation of D-[U- 14 C]glucose and utilization of D- [5- 3 H]glucose, used at anomeric equilibrium in tracer amounts, in fair agreement with the data obtained when comparing the metabolic fate of the Dglucose anomers in prior experiments (see above). Third, they reveal that, in the latter respect, no significant difference was found between erythrocytes prepared from either control animals or diabetic rats. In other words, the anomeric specificity of D-glucose metabolism, whether in the glycolytic pathway or pentose phosphate pathway, is not altered in erythrocytes obtained from diabetic rats. Since diabetes increases the non-enzymatic glycation of cytosolic proteins in erythrocytes, the latter finding argues against the view that such a glycation process may lead to perturbation of the anomeric specificity of hexose metabolism. Two further sets of observations support such a proposal. First, a decrease in both D-[2-
3 H]glucose and D- [5- 3 H]glucose (7.0 mM) at anomeric equilibrium was also observed over 60 min incubation at 37˚C in erythrocytes from rats rendered hyperglycemic (13.1 ± 1.3 mM versus a control value of 6.2 ± 0.2 mM; n = 5 -6) after only 48 hours administration of diazoxide [26] , under which condition no sizeable change in the glycation of cytosolic protein is observed, whether in erythrocytes or hepatocytes [27] . Second, the catalytic properties of glycated phosphoglucoisomerase, in terms of anomeric specificity, as well as specific activity, isotopic discrimination and intramolecular hydrogen transfer, fail to differ significantly from those found in a control preparation of the enzyme [28] .
The last set of experiments conducted in erythrocytes from normal rats aimed at exploring the possible enzymeto-enzyme channeling of glycolytic intermediates [29] .
For such a purpose, the erythrocytes were incubated for 60 min at 4˚C 1) in the presence of 2.8 or 8.3 mM Dglucose at anomeric equilibrium mixed with tracer amounts of equilibrated D-[2- [30, 31] . In the presence of the pure anomers, the rise in Dglucose concentration from 2.8 to 8.3 mM increased the generation of 3 HOH from either the α-or ß-anomers of tritiated D-glucose. However, the rise in hexose concentration increased to a greater relative extent the generation of 3 HOH from tritiated ß-D-glucose, as compared to α-D-glucose. Such a situation is consistent with the lower Km of hexokinase for the α-anomer, as distinct from ß-anomer, of D-glucose in rat erythrocyte homogenates [12, 13] . At 2.8 mM, the ß/α ratio for 3 HOH generation from the [5- 3 H]anomers averaged 73.2% ± 10.2% (df = 37; p < 0.02 versus unity). At 8.3 mM, however, the ß/α ratio for 3 HOH generation from the [5- H]glucose anomers was not significantly different from unity, whether at 2.8 or 8.3 mM, with mean respective values of 117.4% ± 17.6% (df = 37) and 120.4% ± 27.4% (df = 41), as documented in Figure 1 . Thus, such a ratio was significantly higher (p < 0.05) than the ß/α ratio for 3 [32] .
In conclusion, the present results, when compared to those recently collected in rat pancreatic islets [33, 34] , document that the channeling of α-D-glucose 6-phosphate from its site of generation to phosphoglucoisomerase is affected in opposite manner by a rise in hexose concentration in rat erythrocytes versus rat pancreatic islets. Such contrasting situations support the view that the regulation of the enzyme-to-enzyme tunneling process tightly depends on the identity of the hexokinase isoenzyme (low-Km hexokinase versus high Km glucokinase) mainly responsible for the phosphorylation of Dglucose in distinct cell types.
HUMAN ERYTHROCYTES
Further experiments were conducted in human erythrocytes and revealed individual variability in the anomeric specificity of D-glucose phosphorylation and catabolism. Three series of experiments were conducted on the anomeric specificity of D-glucose phosphorylation by human erythrocyte homogenates. In the first series, conducted in two normal subjects, the α/ß ratio for the Km, as judged from the effect of unlabelled α-or ß-D-glucose (75 µM) upon the phosphorylation of D-[5- In the second series, conducted in 13 normal subjects, the α/ß ratio for the Km, also judged from the effects of unlabelled α-or ß-D-glucose (40 and 90 µM) upon the phosphorylation of D-[U-
14 C]glucose (10 µM) at anomeric equilibrium over 5 min incubation at 22˚C, averaged in the presence of 40 or 90 µM unlabelled D-glucose anomer 57.4% ± 5.5% (n = 13), thus confirming the higher affinity for α-D-glucose than ß-D-glucose. It should be underlined, however, that in one subject such an α/ß ratio amounted to 116.1% as distinct (p < 0.001) from 52.5% ± 2.7% in the other 12 normal subjects [36] . Moreover, in another of the last 12 subjects, the absolute val-ues of the Km for both α-and ß-D-glucose were far above the upper limit of the range of values otherwise recorded in these normal subjects. In the two subjects with either an unexpectedly high α/ß ratio for the Km or abnormally high absolute Km values, the α/ß ratio in maximal velocity, as measured over 5 min incubation at 22˚C in the presence of 1.0 mM α-or ß-D-glucose, also unexpectedly yielded high values (104.6% and 125.6%), as distinct (p < 0.001) from 86.7% ± 2.5% in the other eleven normal subjects. The latter mean value is not significantly different (p > 0.05) from that recorded in our first series of experiments (73.8% ± 0.8%; n = 2). As a matter of fact, in the second series of experiments, individual values of 77.2%, 77.5% and 79.8% were recorded, so that the values found in the first series of experiments remain well above the lower limit of the 95% confidence interval for individual values as measured in the eleven normal subjects mentioned above. Incidentally, one of the two subjects displaying in the second series of experiments a high α/ß ratio (104.6%) in maximal velocity also remained within the limits of the just mentioned 95% confidence interval. It should be stressed that the latter subject also displayed a normal α/ß ratio in Km (48.9%).
In conclusion, despite far-from-negligible individual variations, only one out of 13 subjects yielded truly abnormally values of the α/ß ratio for both Km (116.1%) and Vmax (125.6%). This exceptional situation is reminiscent of the observation made in a normal female subject who, at variance with fifteen other normal subjects examined in the same study, identified ß-D-glucose as sweeter than α-D-glucose on five distinct occasions over a period of one year [37] .
The third series of experiments concerned 32 diabetic patients (13 males and 19 females) with a mean age of 58 ± 2 years, a mean body mass index of 30.0 ± 1.2 kg/m 2 , mean plasma D-glucose and C-peptide concentrations of respectively 10.3 ± 0.6 mM and 2.0 ± 0.2 ng/ml, and a mean HbA 1c percentage of 11.2% ± 0.4% [38] . The Km for each anomer was judged from the effects of unlabelled α-or ß-D-glucose (40 and 90 µM) upon the phosphorylation of D-[-U- 14 C]glucose (10 µM) at anomeric equilibrium over 5 min incubation at 22˚C. Likewise, the maximal velocity for α-and ß-D-glucose was measured over 5 min incubated at 22˚C at a 1.0 mM concentration of the concerned anomer. In all subjects, the Michaelis constant was lower with α-than ß-D-glucose, the α/ß ratio for Km averaging 59.2% ± 2.4%. Also in all subjects, the maximal velocity was higher with ß-D-glucose than α-D-glucose with a mean α/ß ratio averaging 81.8% ± 1.2%. The latter two values are not different from those recorded in the 14 normal subjects examined in the two first series of experiments.
Two sets of experiments dealing with the anomeric specificity of D-glucose metabolism in intact cells were conducted in human erythrocytes. The first of these studies provided several new pieces of information [39] . First, they revealed that the metabolism of D-glucose displays anomeric specificity in human erythrocytes. Second, they indicated that, at a close-to-physiological concentration of D-glucose (4.0 mM), the utilization of D- H]glucose, as measured over 60 min incubation at 9˚C, is, as a rule, higher with pure ß-than α-D-glucose. This represents a mirror image of that found with rat erythrocytes [4, 12] and, hence supports the concept that the anomeric specificity of hexose metabolism underwent a phylogenetic evolution [40, 41] . Third, the experimental data indicated that, even under standardized conditions, the anomeric specificity of D-glucose metabolism in human erythrocytes displays significant individual variations. For instance, in erythrocytes obtained from 11 normal subjects and 2 diabetic individuals, the α/ß ratio for 3 H 2 O production from D- [5- 3 H]glucose (4.0 mM), measured over 60 min incubation at 9˚C, ranged between the extreme values of 0.760 and 1.025, with an overall mean value of 0.899 ± 0.022 (n = 23; p < 0.001 as compared to unity). It should be underlined that all these measurements were performed in the presence of 4.0 mM D-glucose, at which concentration the utilization of equilibrated D-glucose over 60 min incubation at 9˚C is close to its maximal value. Incidentally, the first indication of individual variations emerged from the following findings. In a first subject (A), the utilization of pure α-D- [5- 3 H]glucose (0.1 mM) over 60 min incubation at 9˚C did not exceed that of ß-D- [5- 3 H]glucose. In three other subjects (B to D), however, the mean value for 3 HOH production from α-D- [5- 3 H]glucose (60.7 ± 1.7 pmol/µl blood; n = 24) used at the same low concentration (0.1 mM), exceeded (p < 0.005) the mean value found with ß-D- H]glucose (52.3 ± 2.0 pmol/µl blood; n = 24). In these subjects (A to D), the total production of 3 HOH from equilibrated D-glucose (0.1 mM) was not significantly different from that found with pure ß-D- [5- 3 H]glucose, whilst the relative contribution of the α-anomer to the total production of 3 HOH by erythrocytes exposed for 60 min at 9˚C to 0.1 mM D-glucose at anomeric equilibrium exceeded that expected from its relative value (36.2%) in both subject A (42.0% ± 1.0%; n = 32) and subjects B to D (42.2% ± 1.7%; n = 24).
Last, information was obtained on the influence of several environmental factors on the anomeric specificity of D-glucose metabolism. All relevant experiments were conducted with erythrocytes of subject A. It was first observed that over 6 min incubation at 37˚C in the presence of equilibrated D-glucose (0. H]glucose at anomeric equilibrium from 39.7% ± 1.3% to 35.8% ± 0.6% (n = 16 in all cases) at 37˚C and from 42.0 ± 1.0% (n = 32) to 39.6% ± 2.1% (n = 24) and 38.2% ± 0.9% (n = 24) at 9˚C. Likewise, the ß/α ratio for the utilization of the pure anomers progressively increased at 37˚C from 97.4% ± 3.7% (df = 30) to 135.1% ± 6.6% (df = 30) when the concentration of D-glucose was increased from 0.1 to 7.0 m. Also at 9˚C, whilst no anomeric difference in the production of 3 HOH was observed in the presence of the pure anomers tested at a 0.1 mM concentration, the ß-anomer was more efficiently metabolized than the α-anomer (p < 0.05) at a 7.0 mM concentration. These findings are in fair agreement with those expected from the abovementioned anomeric behaviour of hexokinase in human erythrocyte homogenates. Such an analogy coincides with the relatively low fractional turnover rate of the erythrocyte pool of D-glucose 6-phosphate, which does not exceed at 9˚C in the presence of 7.0 mM equilibrated D-glucose 0.13 ± 0.01 min -1 [11, 39] . Third, over 60 min incubation at 9˚C, the production of jects, and for two distinct metabolic parameters (   3   HOH  and 14 CO 2 production). Despite such a heterogeneity in experimental conditions, there appeared to exist a single relationship between the two variables under consideration.
The second set of experiments dealing with the anomeric specificity of D-glucose metabolism in intact human erythrocytes concerned the oxidation of 14 C-labelled D-glucose [35] . It was first documented that the oxidation of D-[U- 14 C]glucose at anomeric equilibrium over 60 min incubation at 10˚C increased as a function of the extracellular concentration of the hexose (0.07, 0.2 and 5.6 mM) from 43.6 ± 2.2 (n = 9) to 210.3 ± 12.1 (n = 18) fmol/µl. An inhibitor of aldose reductase significantly decreased 14 CO 2 output, the relative extent of such an inhibitory effect being comparable at low (0.07 -0.2 mM) D-glucose concentration (21.1% ± 5.0%; df = 29; p < 0.001) and normal (5.6 mM) D-glucose concentration (21.5% ± 9.8%; df = 34; p < 0.01). Incidentally, the oxidation of D-[U-
14 C]glucose (5.6 mM) was about 6 -7 times lower at 10˚C than at 37˚C, in which case it amounted to 1.17 ± 0.03 pmol/µl per 60 min (n = 17).
In pilot experiments performed with D-[U-14 C]glucose (5.6 mM) at anomeric equilibrium, menadione (20 µM) was found to cause, over 60 min incubation at 10˚C, a 15-fold increase in 14 CO 2 output, the ratio of test/control values averaging 15.3 ± 1.2 (df = 15). Menadione (20 µM) failed, however, to affect the production of 3 HOH from D- [5- tion at 10˚C in the presence of either 0.2 or 5.6 mM D-[U- 14 C]glucose, the production of 3 HOH in the presence of menadione averaged 98.2% ± 1.9% of the corresponding mean control values (100.0% ± 2.9%; n = 17 in both cases) found in the absence of menadione. Incidentally, at 10˚C, the production of C]glucose oxidation in human erythrocytes, namely the anomeric difference in D-glucose phosphorylation, the apparent preference of aldose reductase for α-D-glucose and the ß-stereospecificity of glucose 6-phosphate dehydrogenase. As already mentioned, the participation of human erythrocyte hexokinase, with higher maximal velocity but lower affinity for ß-D-glucose than α-D-glucose, may be favoured by the relatively low fractional turnover rate of the D-glucose 6-phosphate pool. The results obtained in the presence of the aldose reductase inhibitor are consistent with a coupling between the sorbitol and pentose phosphate pathways. Indeed, aldose reductase behaves apparently as an α-stereospecific enzyme [42, 43] . Last, the results recorded in the presence of me nadione, which allows for the efficient reoxidation of NADPH, again point to a far-from-negligible role for the intrinsic pro- 
CONCLUSION
The findings reviewed in this report document that the anomeric specificity of D-glucose metabolism in either rat or human erythrocytes participates in the fine regulation of this hexose oxidation and utilization in cells for which D-glucose represents the major nutrient.
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